Abstract -This paper discusses the design, programming and results of a device that achieved low power consumption. The system has dual-axes tracking controlled by a Programmable Logic Controller (PLC) using a formula which were precalculated using the altitude and azimuth of the sun. The designed solar tracker was tested under several weather conditions in tropical climate environments. On a clear and sunny day, the power generated from the tracker is significantly higher than the non-tracking surface unit, whilst the power consumed by motors and controller are 0.05% and 5.84%, respectively. Overall, the power consumption of the tracker is only 5.89% of the total power generated.
INTRODUCTION
Many incentives have been provided to flourish Renewable Energy technology research [1] . Solar technology in particular, is the fastest growing among Renewable Energy (RE) technology initiative today, mainly because the primary source is abundant and available all year round. Most solar-tracking devices or array, however, have raised debates about the cost and power effectiveness of their designs. As a result, many experimenters have taken initiatives to increase the power collected from their tracking photovoltaic (PV) modules to a power generation value greater than fixed-tilted PV modules to come out with a highly efficient device that will relatively reduce the cost.
In general, a solar tracker is a device used to maneuver a solar collector to follow the sun's path. The design approach varies; some use sensor devices known as closed-loop systems to keep track of the sun. Others use astronomical calculations of the sun's position, while a few combine both systems. The conventional sensor-based system or a closed-loop system has drawbacks, such as, that power is wasted in driving the motor forward and backward in its searching mode especially during overcast skies. Additional hardware is also required for the motors' movements. In contrast, an open-loop system using predetermined value from mathematical calculations of the sun movements is not dependant on the weather and eliminate all the complexity.
Besides, this two-axes tracking system approach can also provide improved energy gain than a one-axis tracking system.
Mohamad employed a closed-loop one-axis tracking system using a PLC. However, the overall daily power gain is only 20% more than from a fixed mounted system [2] . Khalifa et al has performed an experiment on thermal performance of Compound Parabolic Concentrators (CPC) using two-axes tracking and found out that the tracking CPC collector showed 75% better performance than an identical fixed collector [3] . In addition, Sungur also has presented a two-axes sun-tracking system employing an open loop system. The system uses PLC to control photovoltaic panels, and with the result, 42.6% more energy was obtained compared to fixed PV panels [4] .
Arising from all the systems presented, the question again is: Is the desired relationship between the generated power and consumed power worth the effort? This paper presents the calculated power consumption's of the two-axes open-loop sun tracking system. Meanwhile, from the experiment, a comparison between the power generation of a tracker and a fixed horizontally positioned solar module in a tropical climate environment under several weather conditions were given. This is because, under a normal weather condition in this climate, tilted and tracking PV modules produced better power generation than the horizontally positioned panel, however when the irradiance is mostly diffused, under cloudy and rainy condition, horizontally positioned panel generates more power. Moreover, due to a small tilt angle of 6º, a comparison of the tracking module with the horizontally positioned module is more suitable under several weather conditions, including during on a worst weather condition of severe overcast and rain.
II. SOLAR RADIATION
The rate in which the solar energy reaches a unit area on earth is called solar irradiance and is measured in Wm -2 . Solar radiation, on the other hand, is the quantity of solar energy that falls on a collector over a period of time, often described in Whm -2 or Jm -2 . Before reaching the earth's atmosphere, the solar irradiance is 1367 Wm -2 and as it reaches the earth's surface, it is divided into 3 main components due to the reflection agents such as air quality, rain and clouds [5] . Basically, the global irradiance is made up of combinations of direct, diffused and reflected irradiance as shown in Figure 1 .
On a clear and sunny day, 90% of irradiance is accounted as direct irradiance [6] . The value of irradiance on a clear day is given as 1000 Wm -2 and the maximum direct solar irradiance striking a PV surface is received when the sun's ray is perpendicular to the solar collector surface or when the solar incidence angle is 0º. 
III. SOLAR TRACKING
Consequently, the main objective of solar tracking is to minimize the incidence angle thus maximizing the solar irradiance received. For that reason, the solar tracker follows the sun accordingly to maintain the incidence angle to ideally 0º.
A. The Solar system
The sun moves in accurate trajectories depending on the date and latitude (location). Several variables that describe the location of the sun include local latitude, ϕ, hour angle, ω, and declination angle, δ. The declination angle is the angle between a plane perpendicular to incoming solar radiation and the rotational axis of the earth and is given in equation (1) where n is the number of days in a year. The declination angle value varies seasonally because the earth is tilted as it progresses in an elliptical orbit around the sun which is thus the reason for seasons' formation and variations in irradiance received.
(1)
B. Solar path
The sun's location in the sky corresponding to a location on the surface of the earth can be specified by two angles; the altitude angle and azimuth angle. The altitude angle is defined as the angle from the horizon of the observer to the sun, perpendicular to the horizontal plane. The value is 0º at sunrise and sunset while it is negative before sunrise and after the sunset. The maximum value of altitude angle is at noon, but is not necessarily 90º. The altitude angle at noon varies according to the given days in a year and given locations. The altitude angle and the corresponding azimuth angle at noon for this location for one year is given in Figure 2 . The value of both the altitude angle, α, and azimuth angle, γ, can be calculated using the equations in (2) and (3) using values of local latitude angle, ϕ, solar declination angle, δ, and local hour angle, ω.
cos γ = sin α × sin φ -sin δ cos α × sin φ (3) Figure 2 . Altitude and azimuth angle at noon at location E100º11', N6º26'
IV. SOLAR TRACKER
In order to reduce the power consumption of a solar tracking unit, the weight of the solar tracker structure needs to be minimized. Therefore, the solar tracker was designed from easily available hollow aluminum forms, not only to reduce the power consumed but also the overall cost of the whole system. The simplified design of the structure, the electromechanical wiring and programming are described as follows.
A. Design
The design of the solar tracker incorporated several distinctive features: easy to assemble and dismantle, lightweight and manually portable. The structure was built using lightweight aluminum hollow forms sized 254 × 508 mm to serve the function of low power consumption. The structure is big, strong and stable and can accommodate 2 similar panels of 1293 × 329 mm in size and weighing 7.02 kg each. The solar tracker is divided into 7 easily-joined parts. The structure has a big yet light cylindrical base of 5 mm thickness and 900mm in diameter for better support and stability. The overall weight of the tracking part excluding the solar panel is only 5.83 kg. The structure's load was designed to be evenly distributed on the cylindrical base placed on rollers at the base. A small DC motor was placed at the edge of circumference to only rotate the base but not to carry the whole load. The simplified structure of the solar tracker is shown in Figure 3 , where the cylindrical base is able to rotate 360º, clockwise and counter clockwise for azimuth tracking, and the upper part holding the solar panel is able to rotate up and down within a 90º arc. Simplified structure
B. Electromechanical Component
In this work, a Programmable Logic Controller (PLC) was used in the programming of the actuators' movements. The input and output points of the PLC were connected electromechanically and the simplified system structure is shown in Figure 4 . Since the input points of the motor shares the same point for forward and backward movement of the motors, the program is made to interlock; consequently, the motor moves in only one restricted direction at one time, for security reason. The program controlling the power supply of the motors was written based on a precalculated altitude and azimuth angle from a year's analysis. The power supply of the motor was adjusted using a speed controller circuit to a rate where the solar panel unit followed the sun by moving only one degree at one-minute intervals, on its axis. Simultaneously, the cylindrical base motor's speed was also timed to move the base in tandem with the panel unit. Thus, the entire device is able to achieve the axis, altitude and azimuth tracking of the sun. 
C. Programming
The programming of the tracker was made to follow closely the movement of the sun. For different times in a day, the solar tracker moves at varying intervals for several seconds, depending on the precalculated angular movement of the sun. The time gap between one movement and the next varies, where during the morning and afternoon, the gap is bigger, whilst the gap is narrower during noon. The programming uses a counter for repeated time-gaps. The same programming approach applies to the axis, altitude and azimuth controlling motors. The rotation of clockwise and counterclockwise motor also differs based on the time of day and the day in a year. For the altitude controlling motor, the motor moves the panel up during morning from sunrise up till noon, and moves it back down to the original position for sunset. At the same time, the base rotates clockwise or counterclockwise for azimuth tracking. The simplified program flowchart is demonstrated in Figure 5 . 
Altogether, the power consumption of the actuators was very low; small differences in the amount of movements daily did not affect the total daily power consumption of the whole tracking system. Based on calculations, the power consumed for altitude tracking and azimuth tracking for one day is 6.97 × 10 -2 and 1.61×10 -2 Wh, respectively. When added , the power consumption of the tracking motors is 8.58 × 10 -2 Wh, which is only 0.05% of the power generated from a clear and sunny day. However, the power consumption of the controller is high with a value of 8.64 Wh, which is 5.84% of the power generated on a sunny and clear day. Overall, the total power consumed for the tracker is 8.72Wh or 5.89% of the power generated on a sunny and clear day.
VI. EXPERIMENTAL SETUP
The field test was done for several days in various weather conditions. The data of power were taken using a data logger for every minute from 7:00AM to 7:00PM. Simultaneously, data of solar irradiance and temperature is also recorded. Two identical solar photovoltaic panels were mounted at the same location, one on the solar tracker unit and the other on a zenithfacing non-tracking structure. The rated electrical output of the solar module is given in Table I . From among many days of the experiments, the data presented was taken on Jan 6, 2012, Jan 11, 2012 and Jan 10, 2012 for sunny and mostly clear day, cloudy day and heavy overcast and rainy day, respectively. 
A. Solar Irradiance and Temperature on selected days
Based on one year's data from the meteorological station at this location, for this climate, there is hardly one day with no cloud cover. Figure 6 gives solar irradiance and temperature readings on a sunny and mostly clear day during the experiment. From the graph, it can be seen that a sudden drop in the irradiance graph is the results of cloud covers. The total solar radiation on the day is 5.95 kWhm -2 while the highest solar irradiance recorded is 974 Wm -2 at 1:27PM. Meanwhile, the average ambient temperature recorded was 27.37ºC. Next, on a cloudy day, the daily total solar radiation and the average ambient temperature recorded is 4.52 kWhm -2 and 26.32 ºC. Similarly, Figure 7 demonstrates the occurrence of frequent cloud covers, resulting in frequent drops in irradiance and the fluctuated graph. Lastly, on a severely overcast and rainy day the total solar radiation was obviously low with only 2.81 kWhm -2 , while the average ambient temperature is 25.07 ºC as demonstrated in Figure 8 . 
B. Power Generation of Tracker
Overall, morning irradiance gave a smooth graph of power in both tracking and non-tracking surfaces. Noticeably, during cloudy conditions, the power of both tracking and nontracking surfaces dropped, although the powers generated from both photovoltaic surfaces are at their peak performance. However, comparing between the tracking and the nontracking surfaces, the power generated from the tracking surface is significantly higher with a value of 147.90 Wh due to this unit's narrower, more efficient incidence angle of the non-tracking surfaces. This is demonstrated in Figure 9 . On a day with frequent cloud covers, the power generated from both units surfaces drops, and the total power generated from the tracking unit's surface on that day is 70.18 Wh. This is demonstrated in Figure 10 , where a higher contribution of power generation is from the morning irradiance. Nonetheless, on a severe overcast and rainy day, the power generated from the surfaces was severely affected due to the presence of several reflecting agents in the atmosphere such as clouds and raindrops. This is demonstrated in Figure 11 , where the power generated from the tracking unit's surface is only 15.89 Wh. Wh. This is demonstrated in Table II . Higher gain was observed during the morning and afternoon irradiance, which contributed largely to total power generation due to the large incidence angle in the non-tracking surface. Higher gain is observed during morning compared to the afternoon due to lower water vapor and low temperature in the morning [7] [8] . On a cloudy day, the tracking surface only generates 47.45% of a sunny day's power generated. Taking into consideration the tracking panel's power consumption, it is still feasible to track the sun in this weather since the power generation of tracking surface is still significantly higher than the nontracking surface. However, on a severely overcast and rainy day, where most of the time the power generation of the nontracking surface is higher than the tracking panel's surface, it is not feasible to operate the tracking device since the power gain is only 7.18Wh. The situation has occurred since during severe overcast, direct irradiance is scattered to mostly diffused irradiance which is best captured using a horizontal tilted (zenith facing) PV module [6] .
To improve this, the control system during this time could be shut down and position to the zenith. Nonetheless, the overall performance of the tracker is based on a single PV module placed on the structure, if the tracker were to carry 2 PV modules at the same time, the power generation and gain would be significantly enhanced. VIII. CONCLUSION
In conclusion, from the experiments, it can be seen that the power consumption of the driving systems for this tracking system is very low and constant in all weather conditions. Despite, the superior design that already contributes to the low power consumption of the solar tracker, the system can be further improved if the tracker carries two PV modules at the same time and the controller is substituted with a lower powered controller. This will significantly enhance the power generation and reduce the total power consumed.
